Staphylococcus aureus infections remain a significant problem in hospitalized patients. After the introduction of each new antimicrobial effective against S. aureus, staphylococcal strains have appeared which are resistant to that antibiotic, and resistance is often mediated by Rplasmids. It has been proposed that transfer of resistance genes from Staphylococcus epidermidis to S. aureus might occur whereby S. epidermidis strains would serve as a reservoir for resistance plasmids (14) . Several studies support this hypothesis. Iordanescu et al. (9) and Sjostrom et al. (25) described resistance plasmids isolated from S. aureus and S. epidermidis strains which were similar. Jaffe and co-workers (10, 11) and, more recently, Cohen et al. (3) described nosocomial outbreaks of infections due to an S. aureus strain with a specific resistance phenotype; examination of the molecular epidemiology demonstrated that S. epidermidis and S. aureus isolates contained homologous gentamicin resistance plasmids. Furthermore, Jaffe described transfer of gentamicin resistance between S. aureus and S. epidermidis strains by transduction, using international typing phage 53 , transformation, and mixed-culture matings with a medium supplemented with calcium chloride and lysozyme. Cell-free filtrates of the donor also transferred resistance; this transfer was completely inhibited by DNase I. However, Fawcett et al. (6) were unable to successfully transfer resistance from 153 coagulase-negative staphylococci to S. aureus strains.
To date, conjugation has not been reported in staphylococci. However, intergeneric transfer of conjugal resistance plasmids from Streptococcus faecalis to S. aureus has been described (24) . It was determined that the streptococcal conjugative plasmids, once in S. aureus, retained the ability to transfer resistance to other staphylococcal recipients, remaining totally intact as self-replicating elements. In addition, mobilization from Streptococcus faecalis to S. aureus of a nonconjugative plasmid mediating resistance to tetracycline was shown.
In light of these studies regarding the transfer of conjugal resistance plasmids from streptococci to staphylococci and the hypothesis that All cultures were maintained on brain heart infusion agar (BHI; Difco Laboratories, Detroit, Mich.). BHI agar was used in all mixed-culture filter mating experiments. Nutrient broth (Difco Laboratories) and agar were used for mitomycin C induction and transduction experiments.
Mating procedure. Transferability of resistance markers was examined by using filter matings. Donor and recipient cells were grown overnight in 4 ml of BHI broth. The donor cell culture (1.0 ml) was added to 3.0 ml of the recipient cell culture and mixed. The mixture was passed through a nitrocellulose 0.45->m filter (Millipore Corp., Bedford, Mass.). The filter was placed with the bacterial cells touching the surface of a BHI agar plate. After incubation at 37°C for 4 to 6 h, the filter was removed and mixed with 1.0 ml of BHI broth. Mating mixtures were spread onto plates containing appropriate selective antibiotics. Colonies were counted after 48 h of incubation. Donor and recipient controls were always plated separately. The antibiotic concentrations used in the selective media were as follows: gentamicin (Schering Corp., Kenilworth, N.J.), penicillin (Bristol Laboratories, Syracuse, N.Y.), chloramphenicol (Parke, Davis & Co., Detroit, Mich.), and tetracycline (Bristol Laboratories), 10 ,ug/ml; rifampin (Dow Pharmaceuticals, Indianapolis, Ind.), fusidate (Leo Pharmaceutical, Ballerup, Denmark), and erythromycin (Eli Lilly & Co., Indianapolis, Ind.), 25 ,g/ml; and streptomycin (Sigma Chemical Co., St. Louis, Mo.), 1,000 jLg/ml. The transfer frequencies were expressed as the number of transconjugants per recipient cell.
Selected agents were added to the mating system to determine the effect that these agents might have on the transfer process. Therefore, donor and recipient cultures were grown overnight in 4 ml of BHI broth. Calcium chloride was added to the donor and recipient cultures to a final concentration of 400 ,ug/ml. After 60 min of incubation, the donor and recipient cultures were mixed and filtered. The filter was placed on a BHI agar plate containing 400 ,ug of calcium chloride per ml and incubated for 4 to 6 h. Mating mixtures were then spread onto plates containing the appropriate selective antibiotics. Human sera (10%o) and trisodium citrate in final concentrations of 20 and 100 mM, respectively, were also added to the mating system in the same manner. A mating experiment with broth added instead of a reagent served as a positive control.
Overnight broth cultures of the donors UM899 and UM877 were treated with chloroform by adding 0.3 ml to a 4-ml culture and shaking. The chloroform was removed by aeration and removal of the vapor. The chloroform-treated donor cultures were mixed with the recipient 879R4RF, filtered, and incubated for 4 to 6 h. After incubation, the mating mixtures were plated on the appropriate media selective for transconjugants.
Mitomycin C induction and transduction. Mitomycin C induction was done by the method described by Lacey (12 Transduction experiments with mitomycin C-induced filtrates were performed by two different methods. The transduction procedure described by Pattee and Baldwin (23), using P and D broth, and the method of Cohen and Sweeney (4) were used.
DNase I treatment of mating cultures. An overnight culture of the recipient was adjusted to contain 10 mM MgSO4 and 10 Fg of DNase I (Sigma) per ml as described by Smith and Guild (26) . The donor was added to the recipient and mixed. After filtration, the mating filter was placed cell side down on a BHI agar plate containing 10 mM MgSO4, 70 mg of DNase I per ml, and 20 mM Tris (pH 7.5). After incubation, the filter was mixed with 1 ml of BHI containing MgSO4 and DNase I and blended in a Vortex mixer. The mixture was plated to appropriate media as described previously with the appropriate controls. To serve as a positive control, the same recipient and donor were run in parallel with no addition of DNase I.
Isolation of plasmid DNA and agarose gel electrophoresis. The lysis and isolation of DNA for analysis by agarose gel electrophoresis were accomplished by the method of Macrina et al. (19) with some modifications. Cells from a 5-ml overnight culture were harvested by centrifugation and suspended in 0.3 ml of 60%o sucrose in Tris (0.05 M; pH 8.0). After resuspension, 0.4 ml of lysostaphin {50 ,ug/ml in TES [N-tris(hydroxymethyl)methyl-2-amino-ethanesulfonic acid]; Sigma} was added. The mixture was incubated for 10 min at 37°C, and 0.3 ml of 0.25 M EDTA (pH 8.0) was added. Cells were incubated for an additional 20 min at 37°C. For S. epidermidis isolates, cells were suspended in 0.1 ml of 60%o sucrose in Tris, and 0.5 ml of lysostaphin (50 ,ug/ ml in TES) was added. The cells were incubated for 20 min at 37°C, and 0. Curing procedures. Curing of antibiotic resistance was accomplished by adding 0.1 ml of an overnight culture to BHI broth containing a range of doubling concentrations from 100 to 0.38 ,ug of either ethidium bromide or novobiocin (The Upjohn Co., Kalamazoo, Mich.) per ml. After 18 to 24 h of incubation, cultures which contained a concentration of agent subinhibitory to cell growth were plated onto BHI agar plates. After 16 to 18 h of incubation, colonies were replica plated to appropriate media to detect antibiotic-sensitive segregants. Rate of cure was the number of antibiotic-sensitive colonies per number of colonies screened expressed as a percentage.
RESULTS
Trander of resistance between S. epidermidis and S. aureus. The ability of S. epidermidis clinical isolates to serve as donors of drug resistance to S. aureus strains was determined. Of the six S. epidermidis isolates initially examined, two were able to transfer resistance markers to selected staphylococcal strains ( markers into the restriction-deficient mutant 879R4. Gentamicin resistance was transferred by both isolates into the phage-free strain RN450 and the S. aureus clinical isolate UM1385. In contrast to UM877, erythromycin was also transferred into RN450 and UM1385 by UM899. No penicillin transfer was detected with any of the recipients. The minimum inhibitory concentrations of the antibiotics for the donors UM877 and UM899, the recipient strain 879R4RF, and a typical recipient clone resulting from each mating which had received multiple antibiotic resistance are listed in Table 3 .
Subsequent filter matings demonstrated that, once in S. aureus, the resistance markers were transferred to a second S. aureus recipient at similar frequencies. Transfer back to S. epidermidis was also demonstrated. Table 4 shows the respective transfer frequencies.
The kinetics of the transfer of resistance determinants from S. epidermidis UM899 to 879R4RF were examined. Cultures of donor and recipient were grown overnight and filter matings were performed, with mating time serving as a variable. Figure 1 shows the results of this experiment. Gentamicin transconjugants were detected within 2.5 h; after a longer period of incubation, organisms resistant to gentamicin, erythromycin, and tetracyline were detected. The transfer frequency reached a maximum be- (14, 28, 29) . However, experiments were done to determine whether bacteriophages were involved. Cell-free filtrates were prepared by filtering overnight broths of UM899 and UM877. No transfer of resistance was observed when an equal volume of cell-free filtrate of either donor was mixed with recipient cells, incubated, and plated to appropriate selective media. Cell-free filtrates showed no plaque-forming activity. Furthermore, when mitomycin C-induced filtrates of transconjugants were spotted to six different indicator organisms, including all recipient strains, no phage activity was detected. The mitomycin C-induced filtrates of S. epidermidis donor cultures demonstrated no transducing ability when either of the transduction methods described by Pattee and Baldwin (23) or Cohen and Sweeney (4) was used.
Transfer of resistance in mixed broth cultures by S. aureus has been described and is dependent on the presence of calcium chloride (12, 15, 20, 21) . This transfer process can be abolished by the addition of sodium citrate (12, 17) or human sera (12, 22, 28) . Therefore, 1 h before filter mating, calcium chloride, trisodium citrate, EDTA, or lo human serum was added to both donor and recipient cultures, which was also incorporated into the BHI agar plates. The results of these experiments are shown in Table 5 . No significant difference in the transfer frequency between the test and control matings was observed. In contrast, overnight broth cultures of UM899 and UM877, when treated with chloroform, mixed with the recipient 879R4RF, filtered, and incubated for 4 to 6 h, did not transfer resistance (<10-1o).
Transformation was also considered a possible mechanism of transfer. A crude lysate of donors UM899 and UM877 was mixed in equal volumes with a broth culture of 879R4RF, filtered, placed on BHI agar plates, and incubated for 4 to 6 h. No transfer of resistance was detected. In addition, recipient cultures were adjusted to contain 10 mM MgSO4 and 10 ,ug of DNase I per ml. No difference in the transfer frequency between cultures treated with DNase I and control cultures was observed for either UM899 or UM877.
Close cell-to-cell contact was required since transfer would not occur in either nutrient or BHI broth with or without calcium supplementation, with either UM899 or UM877 serving as donor. Furthermore, when overnight cultures (4 ml) of donor and recipient were filtered separately and placed back-to-back so the donor and recipient cells were not touching, no transfer was detected (s10-10 per recipient).
Preliminary studies with the clinical isolate UM899 have allowed us to attribute resistance traits to specific plasmids based on agarose gel electrophoresis of DNA obtained from transconjugants and selected transconjugants cured for various markers by ethidium bromide and novobiocin. The transconjugant 879R4RF(pAM899-1, pAM899-2, pAM899-3), which was resistant to gentamicin, erythromycin, and tetracycline, was used in curing experiments. We were unable to cure gentamicin resistance with ethidium bromide. The rates of curing for the various resistance markers from the transconjugant 879R4RF(pAM899-1, pAM899-2, pAM899-3) were as follows: gentamicin, 6.8%; tetrayclcine, 4.4%; and erythromycin, 7.2%. Plasmid profiles of the original S. epidermidis donor UM899, a transconjugant resistant to all three antibiotics, and cured derivatives of the transconjugant were examined by agarose gel electrophoresis. Plasmid DNAs from these isolates are shown in Fig.  2 pAM899-1; tetracycline resistance, by pAM899-2; and erythromycin resistance, by pAM899-3. Transconjugants lacking pAM899-1 were unable to transfer either pAM899-2 or pAM899-3 in mixed-culture filter matings. However, if pAM899-1 was reintroduced into 879R4RF(pAM899-2, pAM899-3), these strains could again transfer all three resistance markers to 879R4S and at frequencies similar to those obtained previously.
Agarose gel electrophoresis of crude plasmid DNA of S. epidermidis UM899, the S. aureus recipient 879R4RF, a transconjugant resulting from mating UM899 and 879R4RF, and various cured derivatives of the transconjugant. Lanes: A, S. aureus recipient 879R4RF; B, S. epidermidis donor UM899(pAM899-1,-2,-3) (Gmr Tcr Emr); C, S. aureus 879R4RF(pAM899-1,-2,-3) (Gmr Tcr Emr); D, S. aureus cured derivative 879R4RF(pAM899-1,-3) (Gmr Emr); E, S. aureus cured derivative 879R4RF(pAM899-1,-2) (Gmr Tc'); F, S. aureus cured derivative 879R4RF(pAM899-1) (Gm'); G, S. aureus cured derivative 879R4RF(pAM899-2,3) (Tcr Emr); H, S. aureus cured derivative 879R4RF(pAM899-2) (Tcr); and l, S. aureus cured derivative 879R4RF(pAM899-3) (Em').
DISCUSSION
There is increasing evidence that S. aureus and S. epidermidis do not exist in genetic isolation (3, 7, 9, 10, 25) . Since both organisms occupy similar ecological niches, the potential exists for transfer of resistance from S. epidermidis to S. aureus. The results of the mating experiments showed that antibiotic resistance was efficiently transferred from S. epidermidis to S. aureus by mixed-culture filter matings. In addition, once in S. aureus the resistance was transferred into other S. aureus recipients and back into S. epidermidis strains.
Plasmid transfer among bacteria provides a means for dissemination of resistance to multiple antibiotics. Resistance to multiple antibiotics is frequently found with S. aureus clinical isolates and is often plasmid mediated (14, 23) . Transduction as a mechanism of gene transfer was first described in S. aureus in 1958 (H. L. Ritz and J. N. Baldwin, Bacterial. Proc., p. 40, 1958) . In contrast to the Enterobacteriaceae, transduction is believed to be virtually the only means of transfer of genetic material between staphylococcal cells. Although transformation in staphylococci in vitro has been described, practically all cultures of S. aureus contain high levels of nucleases which can be expected to prevent transformation under natural conditions (25, 27) . Conjugation has not yet been reported.
Once transfer of resistance from S. epidermidis to S. aureus was shown, the nature of the transfer process was further examined. It is concluded that transfer did not involve transformation since the process was insensitive to DNase I yet sensitive to chloroform. Since crude lysates of donor cell cultures were unable to effect transfer of resistance, further evidence is provided against transformation.
The possibility that a bacteriophage was responsible for transfer was also considered. However, no evidence for the presence of a bacteriophage was found. Cell-free and mitomycin C-induced donor and transconjugant filtrates failed to demonstrate plaque-forming activity on staphylococcal recipients. In addition, attempts to transduce resistance determinants with mitomycin C-induced filtrates were unsuccessful. It has been reported that inactivation of calcium ions as a cofactor for the adsorption of bacteriophage by either EDTA or trisodium citrate (16) prevents resistance transfer in S. aureus. The addition of immunoglobulin G has also been shown to interfere nonspecifically with staphylococcal phage adsorption, thereby preventing resistance transfer. Pretreatment of donor and recipient cells with these reagents and their presence during the incubation of mating filters had no effect on resistance transfer, providing further evidence against the involvement of bacteriophages.
Transfer of resistance in mixed broth cultures by S. aureus has been described and is dependent on the presence of calcium chloride (12, 15, 28) . In some reports, investigators have attributed the transfer in mixed-culture transfer of resistance as being phage-mediated conjugation. This process requires calcium chloride and is abolished by citrate, and transferring particles are often not detectable in donor culture supernatants. Lacey (16) proposes that the bacteriophage is cell bound, causing alterations in the cell surface of either the donor or recipient and thereby allowing plasmid transfer. However, the process of transfer we have characterized is not dependent on the presence of calcium ions and is unaffected by citrate or EDTA.
In light of these data, we conclude that conjugation is the probable mechanism for transfer. Although the role of bacteriophage cannot be completely excluded, our experimental data are more consistent with a conjugal transfer process. Cell-to-cell contact was essential for transfer since resistance transfer could not be shown when donor and recipient cells were not allowed in contact with one another, analogous to transferable plasmids well characterized in streptococci (2) . The transfer process also required viable donor cells and was energy dependent.
Analysis of DNA obtained from the clinical isolate UM899, its subsequent transconjugants, and cured derivatives demonstrated that all resistance markers studied which transferred resided on plasmids. Furthermore, these genetic elements were stably inherited from one recipient to another. Of particular note is that transconjugants lacking pAM899-1 were no longer capable of transferring erythromycin or tetracycline resistance. Ongoing experiments in the laboratory point to a central role for the gentamicin resistance plasmid in the transfer process.
In conclusion, a process of resistance transfer from S. epidermidis to S. aureus has been described. The resistance markers reside on plasmids which are stably inherited. Since this process requires viable cell-to-cell contact, does not require calcium ions, does not occur with donor cell-free filtrates and mitomycin C-induced donor filtrates, and is relatively unaffected by the presence of high or low concentrations of citrate, human sera, and DNase, it is concluded that the mechanism of transfer is conjugation.
